In humans, a well-developed serotonin system is localized to the pancreatic islets while being absent in exocrine pancreas. Assessment of pancreatic serotonin biosynthesis could therefore be used to estimate the human endocrine pancreas. Proof of concept was tested in a prospective clinical trial by comparisons of type 1 diabetic (T1D) patients, with extensive reduction of b-cells, with healthy volunteers (HVs). C-peptide-negative (i.e., insulin-deficient) T1D subjects (n = 10) and HVs (n = 9) underwent dynamic positron emission tomography with the radiolabeled serotonin precursor [ 11 C]5-hydroxy-tryptophan ([ 11 C]5-HTP). A significant accumulation of [ 11 C]5-HTP was obtained in the pancreas of the HVs, with large interindividual variation. A substantial and highly significant reduction (66%) in the pancreatic uptake of [ 11 C]5-HTP in T1D subjects was observed, and this was most evident in the corpus and caudal regions of the pancreas where b-cells normally are the major constituent of the islets. [ The ability to repeatedly quantify the amount of remaining b-cells by noninvasive methods would be of significant importance to obtain further insights into the pathophysiology of diabetes, as well as a tool to evaluate new therapies aiming to prevent b-cell loss. Significant efforts have been made in order to develop such a method (1) (2) (3) (4) (5) , but so far no clinically validated technique has been described. Despite originating from different germinal layers, pancreatic islet cells share many common developmental features with neurons, especially serotonin-producing neurons in the hindbrain (6, 7) . As shown in mice, a common transcriptional cascade drives the differentiation of b-cells and serotonergic neurons, which imparts the shared ability to produce serotonin (8) . Several studies in mice and guinea pigs have also demonstrated the localization of serotonin to the islets of Langerhans, particularly to the granules or microvesicles of the b-cells (8) (9) (10) (11) . In humans, similar to mice, guinea pigs, cats, and dogs, the serotonin system is restricted to islets with no expression in the exocrine pancreas (12) . In mice, pancreatic serotonin biosynthesis has recently been implicated in insulin secretion (13) and b-cell proliferation during pregnancy (14) .
[ 11 C]5-hydroxy-tryptophan ([   11   C ]5-HTP) was originally developed as a positron emission tomography (PET) tracer for assessing the rate of serotonin biosynthesis in health and disease (15) and is currently in clinical use for localization of neuroendocrine tumors (NETs), including insulinomas (16, 17) . [ 11 C]5-HTP is readily taken up by both endocrine and exocrine tissue by the large amine transporters (LATs) present in most cell types. However, [ 11 C]5-HTP rapidly exits the cell by the same mechanism unless it is further metabolized. This is evident in the pancreas of nonhuman primates, where rapid washout ensues within minutes when the enzyme dopa decarboxylase (DDC, which converts 5-HTP into serotonin) is inhibited (18) as well as in streptozotocin diabetic rats. Hence, retention of [
11 C]5-HTP demands the presence of the entire molecular machinery involved in serotonin synthesis present in the islet cells, but not in the exocrine cells (having only LATs). [
11 C]5-HTP will, after decarboxylation, share the fate of endogenous serotonin, including uptake into secretory vesicles by the vesicular monamine transporter 2 (VMAT2) or biodegradation by monoamine oxidase-A (MAO-A) into 5-hydroxyindoleacetic acid (HIAA), which is excreted into urine (15, (18) (19) (20) (21) . Radiolabeled 5-HTP therefore accumulates in the form of serotonin in islets of Langerhans as opposed to the exocrine pancreatic parenchyma (9, 22) . In vitro studies of [ 11 C]5-HTP show high selective retention (8-55 times) in human islets compared with exocrine cells (18) . The selectivity in vivo is likely a magnitude higher, due to a small remaining number of islets in densitypurified exocrine preparations examined in vitro as well as to a significantly higher blood perfusion in islets (10 times that of acinar pancreas) (23) , resulting in proportionally higher tracer delivery. In mice, a similar uptake was found in both a-and b-cells, but the retention in b-cells was markedly higher, resulting in an increased relative accumulation in b-cells 60 min after intravenous administration with 75% of the tracer found within the b-cells (9) . These findings in mice have been corroborated by us in nonhuman primates (18) and humans (24) by the observations that the pancreatic [
11 C]5-HTP uptake is almost exclusively through serotonergic biosynthesis mediated by DDC. Also, in studies of human islets mixed with exocrine tissue in different ratios, a linear correlation between [ 11 C]5-HTP uptake and the percentage of islets present was obtained (18) . Importantly, the pancreatic uptake of [ 11 C]5-HTP in streptozotocin diabetic rats, with only 10-20% of b-cells remaining as assessed by morphometric studies, was reduced by 66% when compared with nondiabetic animals (18) .
We therefore hypothesized that pancreatic [ In a retrospective study, we analyzed the pancreatic uptake in 10 patients who were examined by [
11 C]5-HTP-PET/CT because of known or suspected NETs. The inclusion criterion was more than two examinations by [ 11 C]5-HTP-PET/CT between January 2010 and July 2011. The pancreatic uptake of [
11 C]5-HTP was measured by delineating the pancreas on sequential coregistered CT images by using the computer software PMOD (PMOD Technologies Ltd., Zurich, Switzerland). The pancreatic uptake was expressed as the standardized uptake value, which is the concentration of [
11 C]5-HTP in tissue, normalized for subject weight and administered radioactivity.
Eight of the subjects were considered as having a normal pancreas and were diagnosed with carcinoids (n = 5), carcinoma (n = 1), or NET of unknown origin (n = 2) ( Table 1 ). The remaining two subjects (gastrinoma, n = 1; carcinoid, n = 1) had been previously diagnosed by T2D prior to being examined for suspected NET.
Prospective Study of T1D and Healthy Subjects

Research Subjects
This study was approved by the regional ethical board in Uppsala (EPN 2011/439). All study participants provided written informed consent before participation in any experiments. The studies were conducted according to the principles expressed in the Declaration of Helsinki.
T1D subjects (n = 10) were recruited from the diabetes center at Uppsala University Hospital. Inclusion criteria were .10 years history of T1D and fasting C-peptide concentration ,0.003 nmol/L (lower range for detection with hospital standard assay). Two of the T1D subjects have received a whole-pancreas transplant; both have lost the graft function and require the same amounts of exogenous insulin as prior to transplantation.
HVs (n = 9) without any medications and first-degree relatives with T1D were recruited by advertising.
b-Cell Function
All HVs undertook a mixed-meal tolerance test in order to exclude subclinical impairment of glucose metabolism. All examinations took place after overnight fasting and at bed rest. Fasting plasma samples for HbA 1c , plasma glucose (P-glucose), and C-peptide concentrations were taken prior to the test. After oral administration of 360 mL Resource protein (Novartis), P-glucose and C-peptide concentrations were measured after 15, 30, 60, 90, and 120 min.
PET Examination
Prior to the PET examination, all participants were fasting for .4 h, and insulin doses to T1D patients were modified accordingly. During the PET examination, P-glucose levels were measured three times and targeted between 3 and 12 mmol/L (mean 8.1 6 0.62 mmol/L). In one subject, P-glucose dropped to 3.6 mmol/L during the examination, and a slow infusion of glucose was started in order to prevent hypoglycemia.
The subjects were positioned to include pancreas in the center of the 15-cm axial field of view of a Discovery ST PET/CT scanner by assistance of a low-dose CT scout view (140 kV, 10 mAs). Image acquisition was performed in three dimensions and reconstructed using an iterative OSEM VUE Point algorithm (two iterations/21 subsets) in a 128 3 128 matrix (zoom 50-cm diameter). Reconstructed data were analyzed using the VOIager 4.0.7 computer software (GE Healthcare, Uppsala, Sweden). Regions of interest were delineated on transaxial CT slices. Entire organs were delineated on sequential slices and combined into volumes of interest (VOIs). Pancreatic volumes were assessed by applying a VOI with VOIager on the CT images.
CT VOIs were transferred to [ 11 C]5-HTP-PET images and modified (due to breathing motion) to match the pancreatic signal within the existing CT VOI. Perfusion was assessed by a one-tissue compartment model from dynamic pancreatic [
15 O]WAT-PET data, using an aortic VOI as the input function (four pixels in 10 consecutive slices to avoid partial volume effects) (25) .
Pancreas was further subdivided into its three main components: caput, corpus, and cauda. The border for cauda was applied at the medial border of the left kidney, and caput was defined as left lateral of the superior mesenteric artery. Mean VOI values for each time frame were used to calculate percentage of injected dose (% ID) in each pancreatic region and for the entire pancreas. To assess background uptake of [ 11 C]5-HTP, VOIs were applied to muscle tissue (erector spinae). In each individual, the muscle VOI volume was identical to that of the pancreas.
Statistical Analysis
All data were expressed as means 6 SD. Differences between groups were assessed by a two-tailed Student t test (GraphPad Prism 5, San Diego, CA), where P , 0.05 was Ten patients underwent repeated (n = 2-8) [
11 C]5-HTP-PET/CT during the period 1999-2008 for staging or detection of recurrent NET ( Table 1 ). None of the nondiabetic patients reported hyperglycemias or diabetes. A wholebody (proximal thighs to skull base) PET/CT was performed 25 min after tracer administration. Pancreas was readily visible on PET/CT in all patients (Fig. 1A  and B) . The uptake in pancreas was high compared with that of other abdominal tissues but varied between patients (% ID/g = 0.0048 6 0.001) (Fig. 1E) . The within-subject variation between examinations was low (coefficient of variation [CV] in this group was 6.7%) (Fig. 1F) , demonstrating a high test-retest reproducibility.
Importantly, we were also able to identify two subjects (T2D:a and T2D:b) with T2D among the patients with NET. The uptake of [ 11 C]5-HTP in the pancreas of these subjects was markedly lower (% ID/g = 0.0016 6 0.0005) than that observed in nondiabetic subjects (Fig. 1C-E) . No overlapping values between the two groups were found.
One of the individuals with diabetes (T2D:a) was followed over time with repeated [ The mean HbA 1c in T1D subjects was 7.2 6 0.2% (55 6 2 mmol/mol) as compared with 5.3 6 0.1% (34 6 0.7 mmol/mol) in HVs (P , 0.05). There were no significant differences in age (26 6 2 vs. 22 6 0.6 years), BMI (23 6 0.7 vs. 25 6 1 kg/m 2 ), or sex distribution (5/10 vs. 4/9 female). The HVs had a normal fasting and 2-h P-glucose (5.5 6 0.1 and 5.4 6 0.2 mmol/L, respectively). the aorta (Fig. 2, left panels) . After 1-10 min, we observed retention of the tracer in the pancreas of HVs, but not in the nonendocrine tissues kidney cortex and spleen, or in the pancreas of T1D patients (Fig. 2, middle panels) . Finally, up to 60 min after [ 11 C]5-HTP administration, we recorded that the uptake had faded in most abdominal tissues besides the pancreas of HVs and the kidney medulla (Fig. 2, right panels) . The latter likely represented the rapid excretion of the metabolite [ 11 C]HIAA. When quantified, the total pancreatic uptake of [ 11 C]5-HTP, measured as % ID, was markedly reduced throughout the dynamic scan in T1D subjects (Fig. 3A) . The reduction was most prominent at the end of the examination, with a mean decrease of 66% (P , 0.001) in [ 11 C]5-HTP uptake in T1D subjects when compared with HVs (Fig. 3B) . There was no difference in the amount of unmetabolized [ 11 C]5-HTP in blood plasma between groups, except for a tendency for higher initial plasma concentration in subjects with T1D (Fig. 4A) .
When subdividing the pancreas into its three anatomical regions, we observed that the reduced [
11 C]5-HTP uptake in the pancreas of T1D patients was mainly due to lower uptake in the corpus (68% decrease, P , 0.001) (Fig. 3E ) and cauda (70% decrease, P , 0.01) (Fig. 3F) and to a lesser extent to decreased uptake in the caput region (60% decrease, P , 0.01) (Fig. 3D) .
When correcting for the pancreatic volume in each individual (% ID/g), i.e., tracer accumulation per gram pancreas, we found that the decreased pancreatic tracer accumulation in T1D patients persisted (0.0028 6 0.001 % ID/g in T1D compared with 0.0046 6 0.001 % ID/g in HVs corresponding to a 39% decrease 60 min after tracer administration, P , 0.05). Again, tracer accumulation was reduced in the corpus (41%, P , 0.01) and caudal parts of the pancreas (47%, P , 0.01) and to a lesser extent in the caput part (34%, P , 0.05). The differences between groups in % ID/g were seen only between 40 and 60 min postadministration (Fig. 4B ).
Size and Perfusion of the Healthy and Diabetic Pancreas
Pancreatic volumes assessed by CT scans were on average 89.4 6 23.5 cc in HVs and 54.9 6 14.6 cc in T1D subjects, corresponding to 61% of HV volume (P , 0.01) (Fig. 5A ). There was a tendency toward reduced pancreatic blood flow (mL blood/min/mL tissue) (P = 0.068) in the T1D group (28% reduction compared with HVs) (Fig. 5B) .
DISCUSSION
In this clinical study, we present evidence that [ The contribution of the b-cell mass to the mass of individual islets is still a matter of disagreement, due to differences in study design, sample size, and whether number or volume contribution was measured. The volumetric contribution is likely the suitable parameter when assessing b-cell mass and can be approximated to 62% There are ;1.5 million islets within the human endocrine pancreas. Of these, the absolute majority has a diameter ,50 mm and only 200-300 islets have a diameter of 250 mm or more (27) . With the current resolution of PET technology, individual islets cannot be detected. Instead, the integrated signal from the pancreas (% ID) represents a composite value from the total endocrine pancreas. However, subanalysis of the signal from different The caput, corpus, and cauda were delineated separately in CT images to assess regional differences in pancreatic uptake. The red lines denote the approximate boundary between caput (left arrow), corpus (middle arrow), and cauda (right arrow). B: Uptake and retention of [
11 C]5-HTP in pancreas over time as measured by % ID. There is a marked decrease in retention in subjects with T1D, which approaches background levels after 60 min. The background uptake in muscle is presented as a dotted line in each panel. C: Pancreatic uptake at individual level after 60 min. D: The caput is decreased to a lesser extent (60%) and exhibits significant overlap between the T1D and HV groups. E and F: Percent ID is reduced in corpus (68% [E]) and cauda (70% [F] ). The two subjects with T1D who received a pancreas graft are shown as circles. **P < 0.01; ***P < 0.001. ]5-HTP accumulation in the b-cell-rich corpus and cauda of the pancreas of T1D subjects than in the caput region where pancreatic polypeptide and, to a lesser extent, a-cells dominate. Interestingly, in autopsy studies, the total endocrine mass in C-peptide-negative subjects with longstanding T1D has been reported to be ;30% of that in nondiabetic controls (28) . Noteworthy, similar to our observations by [ 11 C]5-HTP-PET, no changes in endocrine density were found in the ventral pancreatic polypeptide cell-rich segment of the pancreas (28) .
The total a-and b-cell mass in nondiabetic subjects has been described in carefully conducted morphometric studies and shows a surprisingly high interindividual variation from 0.35 to 2.4 g, with a strong correlation between the a-cell (0.1-1 g) and b-cell (0.25-1.5 g) masses (29) . The pancreatic [
11 C]5-HTP accumulations of the HVs in the current study are in good agreement with previously reported morphological findings, with a large interindividual variation in total pancreatic uptake of [ Therefore, a prospective study in subjects with T2D, repeatedly examined over a period of several years, will be required to confirm these initial results. However, NET patients diagnosed with T2D in the herein reported retrospective study had markedly low pancreatic accumulation of [ . At the time of the PET examination, none of the other retrospectively investigated subjects were diabetic. These subjects could potentially have been prediabetic and later developed T2D. Unfortunately, this information was unavailable.
It would be of interest to compare the pancreatic uptake in T1D and T2D subjects, but several factors make it difficult to draw conclusions from a direct comparison between the retrospective and prospective studies. First, the % ID/g values are reported at different time points (T2D, 25 min post tracer administration; T1D, 60 min post administration). Second, the T2D and nondiabetic subjects in the retrospective study received carbidopa 1 h prior to [ 11 C]5-HTP, which also affects the pancreatic uptake. It is therefore possible to compare between groups within each study as they were treated similarly but not between the studies.
Di Gialleonardo et al. (22) recently showed that absolute uptake of [
11 C]5-HTP in nonendocrine PANC1 cells was comparable to that of INS-1 cells, but not mediated by normal serotonergic metabolism. Based on these results, they posited that the specific endocrine signal in vivo would not be higher than the nonspecific signal from exocrine pancreas. Following this line of reasoning, the pancreatic signal would therefore be nonspecific in nature, thereby reducing the possibilities of visualizing the specific uptake, mediated by serotonin biosynthesis, in endocrine pancreas.
Thus, the conclusion by Di Gialleonardo et al. (22) should, as pointed out by the authors, be interpreted with caution since it relies on in vitro observations in cell lines. By selective inhibition of DDC in nonhuman primate, as well as in STZ diabetic rats, we have shown that the entire [ 11 C]5-HTP uptake in pancreas is specific for serotonergic biosynthesis and thus consists of [ 11 C] serotonin or its metabolites (18) . Based on these preclinical studies, as well as on the herein presented clinical studies showing a correlation between plasma C-peptide and pancreatic uptake of [
11 C]5-HTP, we conclude that in humans, the nonspecific uptake in vivo is negligible and washed out within minutes after injection of the tracer.
Patients with T1D are known to have a marked reduction in the total exocrine volume, concomitant with a decrease in the exocrine functional capacity (30, 31) . Also in this study, we observed a mean substantial reduction of the total pancreatic volume in T1D patients. However, this measurement could not discriminate between nondiabetic and diabetic subjects due to a large overlap between the two groups (Fig. 5A and Fig. 6A) . Moreover, the uptake of [ 11 C]5-HTP per gram pancreas was significantly decreased in subjects with T1D when compared with that in HVs, which excludes mere nonspecific uptake of the tracer in exocrine pancreas to explain the observed differences between HVs and T1D patients.
Pancreatic blood flow comprises a sum of the blood perfusion of the exocrine and endocrine parts. Rodent studies show that the islet blood flow normally constitutes ;10% of the total pancreatic blood flow even though the islet tissue comprises only 1-2% of the total pancreatic volume (23) . In humans, no techniques are available for specific studies of islet blood perfusion, but the perfusion of the whole pancreas in HVs and T1D subjects, as measured by magnetic resonance perfusion imaging, did not differ (32) . In the current study, a tendency to a decrease in mean pancreatic blood flow by 20% was recorded. There was no clear correlation (P = 0.28) between the uptake of [
11 C]5-HTP and the blood perfusion as measured by [ (Fig. 6B ). There was an apparent increase in initial tracer delivery in nondiabetic subjects during the first minutes. This could be considered as a flow-dependent effect and would govern the subsequent difference in the uptake over the course of the examination. However, in this case, this was likely largely dependent on pancreatic size rather than perfusion, since no difference in initial delivery remained when correcting for pancreatic volume (Fig. 4B) .
The lack of a correlation between [ 11 C]5-HTP accumulation and blood flow does not rule out that endocrine blood flow may be partly or entirely responsible for the differences seen between nondiabetic and diabetic subjects. PET studies in primates show that the pancreatic uptake of [ 11 C]5-HTP is an active process that can be enhanced or diminished by pharmaceutical intervention, i.e., carbidopa or clorgyline (18) , but it is unclear if these results are directly translatable to humans. Full quantification by compartmental models using the metabolitecorrected arterial plasma input functions is required to answer this question, which is important for defining the potential and limitation of the use of [ VMAT2, which mediates serotonin uptake into secretory vesicles, has been identified as a tissue-restricted transcript in human islets and suggested as a suitable target for imaging of b-cells (33) . PET studies using radiolabeled dihydrotetrabenazine (DTBZ), a ligand for VMAT2, have been conducted in a range of in vitro and in vivo studies. Although DTBZ has many attributes that suggest that it may provide a suitable probe for PET imaging, recent published communications raise severe questions concerning the specificity of this probe in vitro and in vivo (34) (35) (36) (37) and conclude that the pancreatic uptake of DTBZ is mainly due to nonspecific binding in the exocrine pancreas. In line with these observations, the signal response in subjects with manifest T1D was reduced with only 14% of the pancreatic signal in HVs (2). Significant overlap between subjects with T1D and HVs was also found in a recent study both when measuring radiotracer concentration and total uptake in the pancreas (1). Importantly, these studies did not correct for the impact of reduced blood flow to the diabetic pancreas, which should reduce pancreatic accumulation of a perfusion-dependent tracer in subjects with T1D. Our results demonstrate that the reduction of blood perfusion in T1D approaches 30%, which mirrors the decrease of DTBZ uptake found in subjects with manifest T1D in the aforementioned studies (1,2) . Notably, VMAT2 may still constitute a suitable target for b-cell imaging, but DTBZ in its current form has not been shown to be a suitable PET tracer to quantify the b-cell mass (38) .
The ability to measure the amount of remaining b-cells by noninvasive methods such as [
11 C]5-HTP-PET will most likely have no role in the diagnosis of T1D. However, it would be of immense value for our understanding of the pathophysiology of both T1D and T2D and as a tool for evaluation of new therapies aiming to prevent or reverse b-cell loss or to regenerate or replace b-cells. As indicated in the retrospective study, optimal utilization of the herein presented [
11 C]5-HTP-PET technology will most likely entail repeated examinations within the same subject, which should enable detection of even small changes in the endocrine pancreas when considering its low CV for within-subject variation. The PET technology can be combined with either CT or MRI to provide an anatomical correlate to the PET signal. We have developed a noise reduction filter based on principal component analysis technology, which allows for reducing the radioactivity dose of the PET tracer by a factor of 4 without compromising spatial resolution or quantification (38) . The use of radioisotopes with short half-lives and optimal data acquisition using PET/MRI instead of PET/CT allows further reduction of the total radiation dose to the extent that repeated examinations can be frequently performed (three to four times annually) in the same subject and also allow for examinations of children. The results from the herein presented prospective and retrospective clinical studies show that [
11 C]5-HTP constitutes a promising PET tracer for quantitative imaging of the human endocrine pancreas that readily can discriminate between nondiabetic and diabetic subjects. The dependency on blood flow for tracer uptake will require further studies to define the potential and limitations of the use of [
11 C]5-HTP in this setting.
